The adsorption of NO on Pd atoms and homonuclear transition metal dimers, Pd 2 , deposited on O 2− and Fs sites of the CdO (0 0 1) surface was studied by density functional calculations and an embedded cluster model. Geometrical optimization of adsorption of the molecule NO on Pd/CdO and Pd 2 /CdO with different spin states at particular sites was conducted. Spin polarized calculations were performed, and the systems in the most stable spin states were determined. Spin quenching occurs for Pd 2 complexes at the terrace and defective surfaces. Supported Pd 2 stabilized the low spin states of the adsorbed metals in comparison with free Pd 2 . Although the interaction of Pd and Pd 2 particles with Fs sites is much stronger than with regular O 2− sites, the adsorption of NO is stronger on Pd 2 /CdO (O 2− ) than on Pd 2 /CdO (Fs) with low spin state. Nevertheless, the greater interaction of NOPd and NOPd 2 at O 2− sites increases the energy required to switch from high to low spin. The variations observed in the magnetic properties of the adsorbed species at the CdO (0 0 1) surface are correlated with the energy gaps of the frontier orbitals. The adsorption properties of NO were analyzed with reference to the natural bond orbital, charge transfer, band gaps, the total charge-density contours, and pairwise and non-pairwise additivity. The binding of NO precursor is dominated by the E Pdx−NO (i) pairwise additive components, and the role of the support was not restricted to the metal or the dimer.
Introduction
The intriguing heterogeneous processes associated with nitric oxide (NO) observed at transition metal and metal-oxide surfaces are a continuous topic for research. The molecule, which is one of the simplest and most stable radicals, is spontaneously formed in combustion processes at elevated temperatures. As it is a major environmental hazard, it is important to remove NO from exhaust gases. The reduction of NO by CO on palladium is of practical interest, and experimental investigations show that nano-sized palladium clusters have significant capacity to catalyze the CO-NO reaction at low temperatures [1] [2] [3] . As the adsorption behaviour of NO on Pd clusters is one of the key factors for understanding the catalytic mechanism, it has been extensively studied [4, 5] . Viñes et al. performed a combined experimental and theoretical study on the adsorption of NO on Pd nanoparticles using infrared reflection adsorption spectroscopy and calculations based on density functional theory (DFT) [4] .
The properties of the deposited nanoclusters depend on the oxide substrate and in particular on the presence of point and extended defects at which the cluster can be stabilized. There is general consensus that defects act not only as catalytic centres for chemisorption of small species but also as nucleation centres for growing metal clusters and can modify the catalytic activity of adsorbed metal particles via metal-support interaction at the interface [5, 6] .
Nucleation, growth, migration and agglomeration of metal nanoclusters on oxide surfaces from self-assembly of deposited metal atoms has direct interest for magnetic nanostructures [7] , well-defined models of supported metal catalysts [8] , photonics and microelectronics [9] . Theoretical calculations have provided insight into the mechanisms of the growth of nanoclusters on oxide surfaces [10] [11] [12] , showing that, under typical conditions, formation of dimers is the first step in the growth of metal clusters on oxide surfaces [13] . Although there are dimers, trimers, etc. in the gas phase, cluster growth on the surface of the support is dominated by diffusion of adsorbed atoms and not by direct deposition of existing gas-phase clusters. It has been shown that diffusion is stopped at point defects, where the atoms are more strongly bound and nucleation and growth occur [14] .
Although Pd nanoclusters on MgO (0 0 1) and TiO 2 have been widely studied [15, 16] , no reports are available on the geometrical and electronic structure of Pd 2 deposited on CdO supports. Small Pd clusters have been extensively studied at various semi-empirical and ab initio levels of the theory [17] , and the smallest clusters, homonuclear transition metal dimers, have been studied both experimentally and theoretically [18] . In a systematic theoretical study, the homonuclear dimers of 4d transition metals were examined with diverse DFT methods [19] . CO adsorption on monometallic Au and Pd nanoparticles deposited on well-ordered thin films of Fe 3 O 4 (1 1 1), MgO (0 0 1), and CeO 2 (1 1 1) have also been studied [20] .
CdO with a rock salt structure is an important ntype semiconductor with a direct band gap of 2.5 eV and an indirect band gap of 1.98 eV [21] . Technological applications of CdO in catalysts, photodetectors, solar cells, gas sensors and nonlinear optics [22] have been reported. It has been shown that the physical and chemical properties of CdO depend on its stoichiometry as well as on particle shape and size, which in turn depend on the methods and conditions of preparation [23] . Recently, hollow nanostructures of inorganic materials have attracted research attention [23] because they have a lower density, larger surface area, distinct optical properties and, in most cases, improved performance for application in photonic crystals, fillers, vehicle systems, catalysis and sensing devices [24] . Synthesis forms an essential component of nanoscience and nanotechnology. The shallow semicore d levels in CdO, which are crucial in determining fundamental properties such as band gaps and valence-band offsets, have also been investigated. X-ray photoelectron spectroscopy showed good agreement with the results of first-principles calculations performed with DFT incorporating quasiparticle corrections [25] . Salunkhe et al. [26] studied the effect of Pd sensitization on the liquefied petroleum gas sensing properties of the CdO nanorod network. A nanocrystalline rod-like morphology was obtained by chemical deposition from an aqueous cadmium nitrate solution, and the Pd-sensitized film was more selective to liquefied petroleum gas in the presence of CO 2 than in that of pure CdO.
The main objective of the study reported here was to determine how regular and defective CdO (semiconductor) surfaces affect the structural, energetic and electronic properties of supported Pd and Pd 2 dimers and to compare the results with those for a non-transition metal oxide, MgO (an insulator), in order to determine the differences and similarities between these metal oxides substrates towards Pd and Pd 2 . The second objective was to clarify the roles of defects as nucleation centres for the formation of dimers and to determine how these defects can modify the chemical properties of the supported dimers. The third objective was to identify the bonding mechanism of NO with Pd atoms and Pd 2 nanoparticles supported on regular and defective sites of CdO (0 0 1). The final aim was to induce qualitatively different changes in the electronic states of the supported particles and the transition energy required to switch from low to high spin E H−L complex .
Computational details and surface models
Hybrid DFT and embedded cluster models have been used extensively to describe the electronic and geometrical structures of metal particles nucleated on regular and defective sites on metal oxide surfaces [27] . Sousa et al. [28] used a cluster/periodic comparison in the same computational model (DFT or Hartree-Fock) for the ionic systems MnO, FeO, CoO, NiO and CuO to establish that embedded cluster models provide an adequate representation. They used a lattice parameter (421 pm) for the bulk, with no surface relaxation or rumpling in the defect-free two-dimensional system, on the basis of a previous study. The embedded cluster model considers a finite cluster embedded in the rest of the host crystal by assuming that the electronic structure in this external region remains the same as in the defect-free system. This approach is adequate in principle but is computationally demanding and requires accurate analysis of the energy terms. Its flexibility is moderate and can describe the charged defects [29] .
In the cluster model, a procedure previously reported for alkali halide and alkaline earth oxide supports [30, 31] was used. A finite ionic crystal of 292 point charges was first constructed. The Coulomb potentials along the X and Y axes of this crystal are zero by symmetry, as in the host crystal. The ±2 charges on the outer shells were then modified by a fitting procedure to make the Coulomb potential at the four central sites closely approximate to the Madelung potential of the host crystal and to make the Coulomb potential at the eight points with coordinates (0, ±R, ±R) and (±R,0, ±R). where R is half the lattice distance, which for CdO is 2.35Å, equal to zero, as it should be in the host crystal. With these charges, 0.818566 and 1.601818, the Coulomb potential in the region occupied by the central ions is very close to that in the unit cell of the host crystal. The Coulomb potential was calculated to be 1.748 at the four central sites (compared with 1.746 for a simple cubic ionic crystal) and 0.0 at the previously defined eight points (0.0 for the same crystal). All charged centres with Cartesian coordinates (±X), (±Y) and (Z > 0) were then eliminated to generate the (0 0 1) surface of CdO with 176 charged centres occupying the three-dimensional space (±X), (±Y) and (Z ≤ 0). The particular clusters were then embedded within the central region of the crystal surface as shown in Fig. 1 , and the electrons of the embedded clusters were included in the Hamiltonians of the ab initio calculations. Other crystal sites entered the Hamiltonian either as full or partial point charges, as demonstrated previously [32] .
To represent the substrate, the ionic clusters Cd 9 O 14 and Cd 9 O 13 Fs were embedded in arrays of point charges. Clusters of moderate sizes were embedded in simulated Coulomb fields closely approximate to the Madelung fields of the host surfaces, and relaxation of ions surrounding the defect sites was taken into account. The central O atom was removed when representing a vacancy, leading to a cavity with two trapped electrons, i.e. a neutral F centre. The four Cd 2+ ions surrounding the vacancy were relaxed. This approach has proved to be a reasonable description of the geometrical rearrangement induced by the point defect [33, 34] . The displacements of the Cd 2+ cations of Cd 9 O 13 Fs clusters were reported to be as small as 0.14-0.25Å from their perfect host positions [35] , implying that they do not significantly affect the validity of fixing the positions of the O 2− anions. In other words, the optimized Cd 9 O 13 Fs cluster structures, especially those of the present ground states, are not expected to be very deficient because of the use of Coulomb-only embedding.
The DFT calculations were performed by using Becke's three-parameter exchange functional B3 with the LYP correlation functional [36] [37] [38] . The B3-LYP hybrid functional was used as it provides a relatively accurate description of the metal-oxide interaction [39] . Moreover, for magnetic systems, it provides a reasonable albeit not perfect picture which lies midway between the Hartree-Fock and the pure gradient corrected approximation descriptions [40] . Although DFT has well-known problems in describing magnetic properties, hybrid functionals such as B3LYP provide a fair indication of the relative energies. In some cases, the resulting differences between the experimental and the calculated values can be considered a systematic error [41] . B3LYP correctly reproduces the thermochemistry of many compounds, including transition metal atoms [42] and appears to properly describe the band structure of insulators [43] . B3LYP ensures a correct description of the electronic ground state of first-row transition metal atoms and a reasonable description of the energy difference between low-lying electronic states with different spin multiplicity [44] . Finally, B3LYP can describe magnetic coupling in systems with localized spins, although the magnetic coupling constant is too large [45] . Sousa et al. [28] focused on the problems found in applying DFT methods to open-shell systems, with particular emphasis on the consequences on the description of magnetic properties.
The Stevens, Basch and Krauss compact effective potential (CEP) basis sets [46] [47] [48] were used in the calculations. In the CEP basis sets, the double zeta calculations are referred to as CEP-31G and the triple zeta calculations as CEP-121G. Only one CEP basis set is defined beyond the second row, and the two sets are equivalent for these atoms. These sets have been used to calculate the equilibrium structure and spectroscopic properties of several molecules, and the results are compared favourably with the corresponding all-electron calculations [49] . In the present calculations, the effective core potential of the CEP-121G basis set was used. 
− E(CdO site) where x = 1 or 2. (1) Positive binding energies indicate that the formed dimers are stable [51] .
The high-to-low spin transition energies were calculated from the relation
where E complex is the total electronic energy of the complex.
The nucleation energy (E nucl ), dimer formation energy is another important parameter for studying the atom-by-atom growth of a particle in the gas phase. It is defined as the energy associated with the formation of homonuclear dimers, Pd 2 , when a free metal atom of the gaseous phase interacts with a pre-adsorbed metallic particle, Pd/CdO site [52, 53] , respectively:
where CdO site indicates the nucleation site. These two quantities, E a (Pd 2 ) and E nucl , measure the binding energy of gas phase Pd 2 to a given CdO site [54] . The trapping energy, E t , measures the energy gain when Pd atoms move from a terrace site to a strongly binding site, an anion vacancy. The trapping energy is the difference in E a between a regular and a defective site. E t can be quite large on specific defects, indicating their strong tendency to capture metal atoms. Thus, metal atoms are highly likely to find a defect in the diffusion process and to stick to this defect. All calculations are of spin unrestricted type and were made with a Gaussian 09 system [55] . The figures were generated with the corresponding Gauss View software.
Results and discussion

Single Pd atom on CdO (0 0 1) surface
It is well established that small metal particles adsorb preferentially on sites where negative charge accumulates [54, 56] , more specifically, the O 2− ionic sites for regular and the oxygen vacancy, Fs centres, for defective metal oxide. Experimentally, metal clusters are often formed on a surface by exposing it to a beam of gasphase atoms. These atoms adsorb onto the surface and diffuse to the sites at O 2− or Fs centres. From these single adsorbed atoms, clusters are formed by nucleation. For this reason, the first step in this study was to investigate the adsorption of single Pd atoms on both O 2− and Fs of CdO. The interaction of Pd atoms on the Fs site is characterized by stronger binding energy (E ads = 4.406 eV) with shorter equilibrium adsorption distance (1.42Á) than on the surface O 2− site (E ads = 2.529 eV), with equilibrium distance of 2.04Á ( Table 1 ). The presence of trapped electrons at the defect site results in more efficient activation of the supported Pd atoms. These results are in agreement with studies at MgO surfaces [7, 57] . As expected, adsorption at semiconducting CdO surfaces was much greater than that at the insulating MgO surface, i.e. about twice the binding energy of Pd to a terrace site at the MgO surface. The increase in the adsorption heights of supported Pd can contribute to Pauli repulsion of the valence s orbital of the Pd atom with those in the p orbitals of the surface oxygen atoms. Fig. 2 shows that the highest occupied molecular orbital (HOMO) for the oxygen vacancy has a large s-like character, which would also lead to repulsive interaction with the metal s orbital. complex . This provides information on the change in the transition energy induced by the surface; thus, the energy required to go from the high to low spin state increases when the support is present. As shown in Table 2 , the high-to-low spin transition energy of Pd is positive, indicating that the spin states are preserved and the low spin state is favoured, where all the adsorption energies of the low spin states are greater than those of the high spin states.
Differences in the adsorption heights were observed between the lowest spin state (singlet) and the highest spin state (triplet) of the adsorbed Pd atoms on both the O 5c and oxygen vacancy sites. In particular, for the perfect surface, the adsorption height of 2.14Å for the triplet Pd is larger by 0.1Å than for the singlet Pd (Table 2) . Similar phenomena were also observed for the vacancy surface. This observation may result from the larger overlaps between the HOMO of the CdO cluster and the lowest unoccupied molecular orbital (LUMO) of the adsorbed metal atoms in the singlet state than in the triplet states of adsorbed Pd atoms that have antibonding characteristics (Fig. 2) . Therefore, a short bond distance and a strong interaction between the adsorbate As shown later, the interaction of NO with supported Pd depends strongly on the metal-oxide interaction. It is therefore essential to dispose of an adequate substrate model for the subsequent NO adsorption [60, 61] . Hence, Pd 2 /CdO (0 0 1) systems were studied in the above cluster models.
Spin quenching of Pd 2 deposited on CdO(0 0 1)
To determine the most stable configuration of Pd 2 dimer on the CdO (0 0 1) surface, two configurations parallel and perpendicular to the surface plane were considered. Because of spin polarization, the values for binding, nucleation, trapping and charge transfer for the deposition of Pd 2 particles on the regular oxygen site and the Fs centre were determined by B3LYP/CEP-121G at various spin multiplicities to find the most stable spin state. Table 3 shows that the parallel mode is strongly preferred over the perpendicular mode.
In order to determine the spin quenching of supported Pd 2 at the O 2− and Fs sites on CdO surfaces, the structure and energetic properties of Pd 2 /MgO complexes were determined ( Table 4 ). The results show that the highto-low spin transition energies changed from negative to positive for both Pd 2 /CdO (O 2− ) and Pd 2 /CdO (Fs) complexes. This indicates that the low spin states are favoured when the combined effects of adsorbate and substrate are strong enough to quench the spin of Pd 2 , where the interaction with the substrate induces a change in the electronic structure of the Pd 2 dimer. Consequently, the ground state of Pd 2 is singlet, at variance with gas-phase Pd 2 , which has a triplet 3 + u ground state [62] , in agreement with previous studies [15] . The adsorption energies of Pd 2 in low spin states are stronger than those in high spin states. The best adsorption geometry in the singlet ground state is preferred over the triplet by 0.782 eV, and the molecule lies parallel to the surface, with the two Pd atoms nearly on top of two O 5c anions (Fig. 3) . These results are in agreement with previous reports [10, 63] at inorganic metal oxide surfaces.
In the other, 'perpendicular' configuration, Pd 2 is oriented normal to the substrate and interacts with one oxide anion, d(Pd-O 5c ) = 2.00Å (Table 3 and Fig. 3b ). This mode is less stable than the parallel mode due to the fact that only one Pd atom interacts with the substrate [11] . The Pd-Pd distance, 2.58Å, is shorter than in the parallel mode, indicating the presence of stronger Pd-Pd bonding and hence less interaction with the O 5c anion of the metal oxide surface. In both parallel and perpendicular modes, the triplet spin state has a shorter Pd-Pd distance and less energy (Tables 3 and 4) .
The interaction of Pd 2 on the CdO (Fs) site is characterized by stronger binding energy with a shorter equilibrium adsorption distance than on the surface O 2− site ( Table 3 ). The binding of the second Pd is E nucl = 2.696 eV, and the ground state is singlet, separated by 1.304 eV from the triplet spin state. This would suggest that Fs centres can act as nucleation centres. These results differ partially from that of Bogicevic and Jennison [64] , who found that the Pd 2 dimer formed at the Fs centre prefers to tilt towards the surface cation and not to the surface anion. In the present approach, this configuration is less stable. Calculation of the most stable configuration in Table 3 shows that, although E a is notably affected by the site of the support, E nucl is Table 4 High to low spin transition energy E This may mean that either that the regular metal oxide is always an appropriate surface for the formation of Pd 2 or that dimer formation is independent of the adsorption site (regular or diamagnetic Fs site). Dimer formation is nevertheless favoured on the Fs centre due to the trapping energy (E t = 2.037 eV) ( Table 3) . In these calculations, the elongation of the Pd-Pd distance is explained by the fact that the dimer is oriented with the two Pd atoms towards the two nearest neighbour oxide anions on the surface in order to maximize the interaction with two O 5c anions, with optimal distances, d(Pd-O 5c ) = 1.96Å and 2.08Å. Consequently, CdO remarkable enhances the metal-metal bond length. As expected, on the Fs site, the charge of supported Pd 2 (in the range −0.73/−0.819e) is higher than that on O 2− due to charge transfer from the electrons of the cavity. In this configuration, one Pd atom is above the cavity d(Pd-Fs) = 1.42Å, and the second is oriented towards an O 5c ion at the border of the vacancy, d(Pd-O 5c ) = 2.00Å. The binding energies, E a , indicate a similar trend as on anionic sites. Thus, to minimize the repulsion between the two negatively charged atoms, the Pd-Pd distance, 3.374Å, is highly elongated with respect to the gas-phase molecule. This effect is accompanied by a redistribution of the metal intraunit electronic charge.
Interaction of NO with supported Pd and Pd 2 nanoparticles on CdO(0 0 1)
The binding energies for the interaction of NO molecule at different spin states of the Pd atom and Pd 2 with parallel and perpendicular modes to the surface plane of CdO can be calculated as E a (NO) = −[E(NO/Pd x /CdO site) − E(Pd x /CdO site) − E(NO)], where x = 1 or 2 [53] . In all cases, the positive values correspond to exothermic processes. In the lower spin state, NO adsorbs much more strongly at both the Pd monomer and the parallel mode of Pd 2 deposited on CdO(O 2− ) than on the CdO(Fs) site (Tables 5-7) . The metal-nitrogen bond is shorter for Pd supported at CdO(O 2− ) than at CdO(Fs) (1.90Å vs 2.02Å), which also indicates strong bonding between Pd/CdO(O 2− ) and NO (Fig. 3) . The reason for these observations is discussed in Section 3.3.1.
In high spin states, a dramatic change occurs when NO molecules bind to supported Pd and Pd 2 with a greater increase in the binding energy at the CdO (Fs) site than at CdO (O 2− ). The different behaviour of Pd and Pd 2 with high spin states adsorbed on Fs centres towards NO can be explained as follows. At low spin states of supported Pd and Pd 2 , delocalization of the trapped electrons into the 5s level leads to an increased Pauli repulsion from the NO molecule and weakening of the bond. At high spin states, this effect is smaller (Tables 6 and 7 and Fig. 4 ). This confirms the results shown in Tables 3-7 and the adsorption properties discussed above.
The calculated values of the binding energies, optimal distances and charge transfer for the best optimized geometries of the NO molecule bonded at the two modes of Pd 2 through its N atom are illustrated at low and high spin states in Tables 6 and 7 and Fig. 3 . Although the electronic structures and N-O bond lengths of the chemisorbed systems are similar for supported Pd, they are significantly different for supported Pd 2 nanoparticles in the two modes. The Pd-Pd distance is about 3.326-3.377Å, depending on the site considered. The large Pd-Pd bond distance of adsorbed Pd 2 is in close agreement with scanning tunnelling microscopy measurements [13] .
Several authors have studied CO-induced modification of metal-MgO interactions [65, 66] in the form of atoms and layers. For instance, it was reported that CO enhances the bonding between Pt or Pd atoms and the oxide, but for Au this effect is negligible [65] . To perform a similar analysis for NO, the adsorption of the PdNO and Pd 2 NO complexes on CdO(0 0 1) was investigated. The corresponding binding energy can be defined as for Pd x on CdO, E a (Pd x NO) = −[E(NO/Pd x /CdO site) − E(CdO site) − (Tables 5-7 ). This means that the bonding of the PdNO and Pd 2 NO units to surface sites is so strong that no diffusion of this species occurs once the complex is trapped at O 2− and Fs sites. An increase in temperature can lead to diffusion of the PdNO and Pd 2 NO complexes before NO desorption occurs.
Natural bond order analysis
The observed relations between geometrical and energetic parameters depend strongly on the nature of the electronic structure of the adsorbed metals and the degree of electron transfer between the adsorbed metal atom and the oxide interface. In order to understand these trends, natural bond orbital population analysis [67, 68] was performed. Tables 5-8 show that the trend of the natural charge correlates linearly with the geometrical properties discussed above.
The values of the atomic charges indicate that the charges of the PdNO and Pd 2 NO complexes on the CdO(O 2− ) and CdO(Fs) sites are approximately the same as those of supported Pd atom and Pd 2 dimer, respectively. Typically, the net atomic charge transfer from substrate to adsorbate, Pd 2 or Pd 2 NO complex, is −0.115e versus −0.159e, while that on the defective site is −0.73e versus −0.691e. Therefore, the charge transfer from the oxide to the adsorbate (Pd x or surface Pd x NO complex) is similar. In both cases, however, the NO molecule is negatively charged, withdrawing electronic charge from the Pd particles without accepting more from the cavity. Although the orientations and the spin states of the charge of Pd 2 NO supported on the (O 2− ) and (Fs) sites is practically the same as that of supported Pd 2 , the CdO(Fs) site acquires a much more significant negative charge.
The electronic configuration of the Pd atoms in the Pd/CdO, Pd 2 /CdO, NO/Pd/CdO, NO/Pd 2 /CdO complexes adsorbed on O 2− and Fs sites with the high and low spin states is shown in Table 8 . At the regular site, the only appreciable change with respect to the free atom is the hybridization between 5s and 4d orbitals, with negligible contribution of the 5p subshell and no appreciable charge transfer ( Table 8 ). The increased adsorption energy of Pd atoms with Fs centres is accompanied by progressive changes in the electronic configuration of the adsorbed metal, by a charge transfer with increasing participation of the 5p orbitals (Table 8) . The stronger chemisorption of NO on supported Pd 1 in comparison with supported Pd 2 can be rationalized in terms of the electronic configuration of these systems. In order to form metal-metal bonds, the Pd atoms in a cluster change their effective atomic configuration to increase their 4d 9 5s 1 character, i.e. the metal 5s valence orbital becomes partially occupied. The larger spatial extent of the 5s and 5p orbitals than of the 4d ones leads to stronger Pauli repulsion of the adsorbed NO molecule, thus explaining the smaller computed binding. Another effect is that the Pd levels are involved in metal-metal interaction; hence, little is available for metal-NO bonding [69] (Fig. 4) .
As the highly occupied molecular orbital of NO is a π* anti-bonding orbital with an unpaired electron, the charge transferred from the Pd atom and Pd 2 supported at the CdO(O 2− ) surface to the NO will occupy the π* orbital and weaken the NO bond strength. Delocalization of the trapped electrons into the 5s level of the Pd atom leads to increased Pauli repulsion from the NO molecule and weakening of the bond. Therefore, the NO bond is elongated after adsorption of NO at particular dimers, consistent with the electron transfer direction [54] (Tables 6 and 7 ). The higher electron transfer from Pd 2 at the CdO(0 0 1) surface to NO with a bridge configuration, 0.349 au, can explain the larger stretching of the NO interatomic distance on the oxygen anion (Fig. 4) .
To analyze the bonding mechanism and confirm the above results qualitatively and quantitatively, the total charge density contours in the (0 0 1) plane of the interaction mechanisms of the NO molecule with Pd atom and Pd 2 dimer deposited on O 2− and Fs of CdO(0 0 1) surface systems were calculated (Fig. 5) . These contours clearly show that the changes in charge density are restricted to the adsorbates and the adsorption sites, while the rest of oxide remains unperturbed. In other words, the charge distribution in the sub-interface layer and in the lower half of the interface layer is nearly identical to that in the bulk-like centre layer. This indicates that the bonding is highly localized, in agreement with Shinkarenko et al. [70] .
Low-lying spin states of adsorbed Pd atoms
As a rule, the stronger the interaction the larger the spin quenching and the higher low-to-high spin state energy transition, E H−L complex . Consequently, for strong interactions, the final electronic structure corresponds to a singlet state with no net magnetic moment on the adsorbate [71] . An important consequence of the interaction between Pd atoms and Pd 2 dimers with CdO (O 2− ) and CdO (Fs) is that the substrate may change the electronic states of the supported atoms or dimers. Therefore, the effect of the substrate on the electronic states of the adsorbate and the energy required to switch from high-spin to low-spin state were analyzed. B3LYP calculation gave the high-to-low spin transition energies of Pd atoms and Pd 2 dimers free and supported on O 2− and Fs sites of CdO (0 0 1) shown in Tables 2 and 4 , where a positive sign indicates that the ground state corresponds to the low-spin state. The important point is the movement of the dimers and adsorbed atoms from one site to another, and this is likely to be correct, at least qualitatively. Analysis of these results clearly shows a change in the transition energy required to switch from high spin to low spin E H−L complex , which is induced by the oxide support surface. It was observed that the transition energy from the high-spin to the low-spin state increased when the support was present, which is a clear indication that the metal atom-support and dimer-support interaction tends to stabilize the low-spin state with respect to the isolated dimers. When the difference in the equilibrium distance perpendicular to the surface was calculated, as expected, there was an inverse correlation between adsorption energy and equilibrium distance: the larger the former the shorter the latter (Tables 2 and 4) .
The Fs oxygen vacancy, with two electrons in the cavity and a closed-shell low-spin state, was used to explore the effect of a larger value for the interaction energy on the energy difference between high-and lowspin states of the supported monomer and dimer. The interaction with the Fs centre merits a separate discussion, as in almost all cases the E H−L complex exhibited the largest decrease (Tables 5-7) . Hence, the low-spin state is favoured because of formation of a direct bond between the adsorbed species and the electronic levels corresponding to the oxygen vacancy electrons.
Energy gaps between frontier orbitals
Interestingly, the interaction is assumed to be mainly of the HOMO-LUMO type [72] . The differences in the adsorption energies reported for the interaction of NO on supported Pd and Pd 2 at the O 2− and Fs sites may be due to the differences in energy between the HOMO of the surface and the LUMO of the NO molecule. The results show that formation of a vacancy on the CdO surface increases the difference between the HOMO of Pd and Pd 2 supported with low spin state at the CdO (0 0 1 The stability trends of Pd, Pd 2 , PdNO and Pd 2 NO supported at the CdO (0 0 1) surface were analyzed in terms of the energy gaps between the HOMO and the LUMO. A large HOMO-LUMO gap is considered an important requisite for the chemical stability of transition metal nanoclusters [74] . The calculated HOMO-LUMO gaps for the ground states of the Pd/CdO, Pd 2 /CdO, NO/Pd/CdO, NO/Pd 2 /CdO complexes are presented in Table 9 . As a large energy gap corresponds to greater stability, Pd, Pd 2 , PdNO and Pd 2 NO deposited on CdO (Fs) are more chemically stable than at CdO (O 2− ) sites (Table 9) . Fig. 7 presents the density of states of defect-free CdO (O 2− ) and defect-containing CdO (Fs). It can be seen that the presence of Fs centres introduces localized states into the band gap of CdO surfaces. This is confirmed by the shift in the levels of HOMO and LUMO of the CdO surfaces (Fig. 7) . The density of states for NO/Pd/CdO(O 2− ), NO/Pd/CdO(Fs), NO/Pd 2 /CdO(O 2− ) and NO/Pd 2 /CdO(Fs) are presented in Fig. 8 , which shows a change in the positions of the localized states due to the presence of the NO molecule adsorbed onto the CdO metal oxide (defect-free and defect-containing) that supports Pd and Pd 2 .
As the molecular orbital interaction is controlled by the level of the frontier orbitals, the relations between the spin transition energies of supported Pd, Pd 2 , NOPd and NOPd 2 with two different orientations at the CdO surface and energy gaps between frontier orbitals were established. Fig. 6 shows the HOMOs and LUMOs of the complexes with high and low spin at the defect-free surface of CdO. Table 9 and Fig. 6 show that the broadest HOMO-LUMO energy gap is assigned to the metal oxide-free surface, 2.171 eV. While spin preservation occurs for Pd complexes, spin quenching occurs for Pd 2 complexes (Tables 2 and 4 ). This is clearly correlated with the frontier orbital energies, where the HOMO energy levels of Pd 2 low-spin complexes are lower than their high-spin counterparts. This extra stability allows for stronger interaction with the surface, and the interaction in this case is strong enough to quench the spin. Moreover, the spin transition energies are lower for NOPd than for Pd supported at O 2− and Fs sites, but the low spin state energy is favoured. This can be correlated with frontier orbital energies. As shown in Fig. 2 
Spin contamination
Spin-restricted formalism cannot be applied to systems with a spin multiplicity other than 1; therefore, spin-unrestricted B3LYP was used in this study. In an unrestricted calculation, there are two complete sets of orbitals: one for the alpha electrons and other for the beta electrons. Usually, these two sets of orbitals use the same set of basis functions but different molecular orbital coefficients. The advantage of unrestricted calculations is that they can be performed very efficiently; the disadvantage is that the wave function is no longer an eigenfunction of the total spin, S 2 , and thus some error may be introduced into the calculation, known as 'spin contamination'. Spin contamination results have wave functions, which appear to be the desired spin state but also contain some other spin state. This occasionally results in slight lowering of the computed total energy due to more variation freedom. As this is not a systematic error, the difference in energy between states will be adversely affected. High spin contamination can affect the geometry and population analysis of a molecular system. In DFT, there is no wave function but only a Kohn-Sham determinant, which is used to obtain the electron and spin densities and also to provide estimation to S 2 . As a check for the presence of spin contamination, the expected values of the total spin S 2 are reported. If there is no spin contamination, S 2 should equal S(S + 1), where S is half the number of unpaired electrons [76] . To examine how spin contamination affected the results, the adsorption energies of NO/Pd/CdO, NO/Pd 2 /CdO complexes were derived (Table 10 ). The systems studied showed spin contamination of about 0.29-1.82% with respect to S(S + 1), whereas spin contamination of roughly 10% can be tolerated [77, 78] . In Table 10 , the spin contamination of the high-spin complexes is significantly higher than that of the low-spin complexes. Spin contamination is inversely correlated to the adsorption energy of the complexes at the O 2− site, where the adsorption energies of low-spin complexes are greater than those of the high-spin complexes. There was, however, a linear correlation between spin contamination and the adsorption energy of the complexes at the CdO (Fs) site.
Pairwise and non-pairwise additivities
The concept of pairwise and non-pairwise additivities has been studied for atom clusters and insulators [79, 80] . In studying a supported-metal catalyst system, it is important to quantify the extent to which a support CdO (S) with regular and defective surfaces affects the interaction of the NO adsorbate molecule with the Pd atom and Pd 2 nanoparticles. The interaction energy
of three subsystems-the support (S), Pd x , where x = 1 or 2 for the Pd atom, and Pd 2 dimer and the adsorbate (NO) molecule can be defined as:
where each energy term on the right-hand side of Eq. (4) is calculated from geometrical parameters corresponding to the equilibrium geometry of S-Pd x -NO systems.
The left-hand side represents the energy required to separate the three subsystems without altering their geometrical parameters. This energy can be divided into contributions from three-pairwise components and a non-additive term, ε nadd , as follows:
where ε nadd is a measure of the cooperative interactions among the three subsystems [67, 80] . The four energy terms on the right-hand side of Eq. (5) are calculated from the relations: 
The total interaction energies, the pairwise energy components of the S-Pd x -NO systems and the non-additive energy term, ε nadd , are presented in The non additivity term, ε nadd , is a measure of cooperative interaction among the subsystems, increasing with the increasing spin state of the complex at O 2− and decreasing with the increasing spin state of the complex at Fs (Table 11 ). This suggests that the interaction of NO with Pd atom and Pd 2 dimer is essentially affected by two factors: defect formation and the spin state of the Pd atoms. Finally, the role of metal oxide is not restricted to supporting the metal but also influences the interaction of the NO molecule with the Pd atoms and Pd 2 dimers.
Conclusion
The interaction of the NO molecule with Pd and Pd 2 nanoparticles supported at regular and oxygen vacancy sites of the semiconducting CdO(0 0 1) at low coordinated surface was studied by DFT and the embedded cluster approach. The results show that NO adsorbs more strongly on Pd 1 /CdO (O 2− ) than on Pd 1 /CdO (Fs). The adsorption of NO on Pd 1 /CdO (Fs) induces a similar charge transfer from the cavity to the adsorbate; as a consequence, the Pd 1 NO complex has approximately the same negative charge as the supported Pd atom. The greater binding energies of NO on supported Pd atoms than on supported Pd 2 have been interpreted in terms of the natural bond orbital of the adsorbed complexes. The electronic structures and N-O bond lengths of the chemisorbed systems are similar for NO/Pd 2 /CdO with the top geometries but show significant differences from bridge geometries. In addition, NO adsorbs more strongly on Pd and Pd 2 with a low-spin state deposited on CdO (O 2− ) than on the CdO (Fs) site. whereas in the high-spin state, NO adsorbs much more strongly on Pd and Pd 2 deposited on CdO (Fs) than on the CdO (O 2− ) site.
Comparison of E H−L
atomic with E H−L complex provides information about the change in transition energy induced by the adsorption site. The metal-support interaction tends to stabilize the low-spin state at regular and Fs sites with respect to the isolated atom. The transition energy for the interaction of NOPd 2 with the oxygen anion and Fs centre exhibits the greatest decrease because of the formation of a direct bond between the adsorbed Pd atom and the electronic levels corresponding to oxygen vacancy electrons. In the low-spin state, the NO molecule tends to bend with the Pd 2 /CdO (Fs) site. These results show that the magnetic spin states of transition metal atoms and clusters supported at semiconducting CdO and the role of a precursor molecule on the magnetic and binding properties should be explicitly taken into account. Moreover, the total interaction energies, the frontier orbitals, the pairwise energy components of the S-Pd x -NO systems and the non-additive energy term, ε nadd , suggest that the role of metal oxide is not restricted to supporting the metal but also influences the interaction of the NO molecule with the Pd support.
